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9 [1] Previous laboratory and field studies suggest that
10 oxidation of organic aerosols can be a source of oxygenated
11 volatile organic compounds (OVOC). Using measurements
12 of atmospheric oxidants and aerosol size distributions
13 performed on the NASA DC-8 during the INTEX-NA
14 campaign, we estimate the potential magnitude of the
15 continental summertime OVOC flux from organic aerosol
16 oxidation by OH to be as large as 70 pptv C/day in the free
17 troposphere. Contributions from O3, H2O2, photolysis, and
18 other oxidants may increase this estimate. These processes
19 may provide a large, diffuse source of OVOC that has not
20 been included in current atmospheric models, and thus have
21 a significant impact on our understanding of organic
22 aerosol, OVOC, PAN, and HOx chemistry. The potential
23 importance and highly uncertain nature of our estimate
24 highlights the need for more field and laboratory studies on
25 organic aerosol composition and aging. Citation: Kwan,

26 A. J., et al. (2006), On the flux of oxygenated volatile organic

27 compounds from organic aerosol oxidation, Geophys. Res. Lett.,

28 33, LXXXXX, doi:10.1029/2006GL026144.

30 1. Introduction

31 [2] Oxygenated volatile organic compounds (OVOC)
32 comprise a large number of the species whose transport to
33 the remote troposphere can impact radical budgets and
34 sequester NOx in the form of nitrates [Singh et al., 1995;
35 Wennberg et al., 1998; Muller and Brasseur, 1999]. In
36 addition, they play a role in the formation of organic
37 aerosols (OA) [Kanakidou et al., 2005, and references
38 therein]. Field campaigns have noted large concentrations
39 of OVOC throughout the troposphere, but their budgets are
40 poorly understood [Singh et al., 2001, 2004; Wisthaler et
41 al., 2002].
42 [3] Ellison et al. [1999] suggest that oxidation of OA
43 may provide an OVOC source to the remote troposphere.

44Field campaigns have established the ubiquity of OA
45throughout the troposphere [Murphy et al., 1998; Kanakidou
46et al., 2005]. Most aerosols contain both organic and
47inorganic components, though significantly, the organic
48fraction tends to be found on aerosol surfaces [Tervahattu
49et al., 2002a, 2002b, 2005, and references therein].
50[4] Laboratory studies have demonstrated that organic
51surfaces can be oxidized by OH and O3 [e.g., Rudich, 2003,
52and references therein; Thornberry and Abbatt, 2004;
53Molina et al., 2004]. Several of these studies have shown
54volatilization of OVOC resulting from organic surface
55oxidation. Molina et al. [2004], for example, report the full
56volatilization of a C18 alkane monolayer following hetero-
57geneous loss of 2–3 OH radicals to the surface, with many
58(though not exclusively) OVOC products. Evidence for
59such chemistry in the ambient environment include the
60demonstration by Grannas et al. [2004] that photooxidation
61of snow phase organic matter may explain the daytime flux
62of lightweight OVOC from snowpack to the boundary layer,
63and field observations that atmospheric OA becomes more
64oxidized with greater ozone exposure and/or age [Gogou et
65al., 1996; de Gouw et al., 2005; Quinn et al., 2005;
66McFiggans et al., 2005].
67[5] Here, we use data collected on the NASA DC-8 air-
68craft during the INTEX-NA campaign (H. Singh et al.,
69manuscript in preparation, 2006) to place constraints on
70OA oxidation’s potential contribution to continental sum-
71mertime OVOC budgets. This campaign was designed to
72examine the transport and transformation of airmasses over
73continental scales. Most of the flights took place over the
74North American continent and the North Atlantic in the
75summer of 2004.

762. Method

77[6] Aerosol size distributions, surface area, and volume
78for particles 10 nm to 3 mm in diameter were measured on
79the DC-8 using a differential mobility analyzer (DMA) and
80an optical particle counter (OPC) [Clarke et al., 2004].
81Comparison of the DMA and OPC data to measurements
82of larger and ultrafine particles indicates that these instru-
83ments generally capture >90% of the total aerosol surface
84area except in a few select plumes. The aerosol size is
85quantified in conditions that are often dryer than the ambient
86atmosphere, so the aerosols may lose water (and thus mass)
87prior to measurement. Correcting for this effect is non-trivial,
88particularly for submicron particles, so we neglect it in our
89calculations. Based on the ratio of ambient to dry aerosol
90scattering coefficients, we believe the resulting underesti-
91mate of ambient surface area is significantly less than a factor
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92 of 2. OH measurements were made by laser induced fluores-
93 cence [Faloona et al., 2004], ozone by chemiluminescence
94 (M. Avery et al., FASTOZ: An accurate, fast-response in situ
95 ozone measurement system for aircraft campaigns, submitted
96 to Journal of Oceanic and Atmospheric Technology, 2006),
97 and H2O2 by chemical ionization mass spectrometry (J. D.
98 Crounse et al., Measurements of gas-phase hydroperoxides
99 by chemical ionization mass spectrometry, submitted to
100 Analytical Chemistry, 2006).
101 [7] The collision rate of an oxidant with aerosol along the
102 flight track was estimated using 1-minute averages of the
103 measured aerosol surface area and oxidant mixing ratios:

collisions ¼1=4 � 8RT=pMð Þ
1=2�S� Ox½ � � f Dð Þ

105where the factor of 1=4 converts aerosol surface area to cross
106sectional area, (8RT/pM)

1=2 is the thermal speed of the
107oxidant (R is the universal gas constant, T is temperature, M
108is the oxidant molar mass), S the aerosol surface area, [Ox]
109the concentration of oxidant (converted to a 24-hour
110average in the case of OH), and f(D) the correction applied
111due to gas-phase diffusion limitations to large particles (for
112OH only) [Fuchs and Sutugin, 1971].
113[8] For each point along the DC-8 flight track, we
114estimate a 24-hour average [OH] by scaling the observed
115[OH] by the ratio of the diurnally-averaged to instantaneous
116[OH] calculated from the highly-constrained NASA LaRC
117photochemical box model [Crawford et al., 1999]. The
118main source of uncertainty in determining the diurnal
119average is that cloud effects, which during INTEX-NA
120normally altered actinic flux �20% relative to clear sky
121conditions, are assumed to be constant throughout the day,
122though they are generally transient. We expect that our large
123data set sufficiently captures the variability of cloud effects
124such that they will not significantly bias our estimate.
125[9] Following the studies of Bertram et al. [2001] and
126Molina et al. [2004] we assume that each OH collision is
127reactive (g = 1) and volatilizes 6 organic carbons. Although the
128alkane used in the Molina et al. [2004] study is not represen-
129tative of all OA surfaces, long chain fatty acidsmay comprise a
130significant fraction [Tervahattu et al., 2002a, 2002b, 2005].
131These parameters, which also assume full aerosol surface
132coverage by organic substrates, represent by far the largest
133uncertainties in our analysis. Because our assumptions imply a
134unity accommodation coefficient (a = 1), we account for
135diffusion limitations in calculating the OH collision rate.
136[10] Estimating the OVOC flux from aerosol collisions with
137O3 and H2O2 is significantly more challenging and is not
138attempted here.WhileOH is highly reactive withmany classes
139of organic compounds, O3 reactivity and product yield are
140very substrate dependent [Rudich, 2003; Thornberry and
141Abbatt, 2004]; such selectivity also means that gO3 would be
142time dependent as reactive sites are depleted [Poschl et al.,
1432001; Ammann et al., 2003]. Also, unlike for OH [Molina et
144al., 2004], O3 reactivity with solid organic surfaces may
145depend on relative humidity [Poschl et al., 2001]. For H2O2,
146we found no experimental studies allowing us to constrain g or
147the product yield. For these oxidants, though, estimating the
148collision rate with aerosols is a first step for assessing their
149potential contributions to OVOC flux. We expect that the
150accommodation coefficients for these two oxidants are signif-
151icantly less than unity – Berkowitz et al. [2001], for example,
152estimate aO3 � 10�3 – and thus do not consider diffusion
153limitations for their collision rates.

1543. Results and Discussion

155[11] Calculated 24-hour average collision rates are plotted
156as a function of elevation in Figure 1. For OH (Figure 1a)
157and O3 (Figure 1b), most of the variability is driven by the
158(dry) aerosol surface area, which varies from �10 mm2/cc in
159the upper troposphere to �150 mm2/cc in the lowest
160elevation bin. For OH, we estimate the upper tropospheric
161collision rate to be �1 � 103 collisions/cc/sec. Our assump-
162tion of carbon volatilization from Molina et al. [2004] thus
163yields an estimated OVOC source of �70 pptv C/day in the
164upper troposphere. A significantly larger source would exist

Figure 1. Mean profiles of aerosol collision rates with
(a) OH, (b) O3, and (c) H2O2. Horizontal lines show the
interquartile range and x’s are the elevation bin medians.
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165 in the lower troposphere (�500 pptv C/day in the lowest
166 2 km), but the contribution of this mechanism to OVOC
167 concentrations will be less significant because of the much
168 larger OVOC sources from gas phase oxidation of larger
169 hydrocarbons in this region.
170 [12] Assuming a product yield for O3 similar to that of OH,
171 the ratio of OH to O3 collisions gives a value of gO3 � 10�6

172 necessary for the OVOC flux from O3 to equal that from OH.
173 Achieving this value would require only �0.1% surface
174 coverage by typical alkene liquids (gO3 � 10�3 [de Gouw
175 and Lovejoy, 1998; Rudich, 2003]). Thus, it is plausible that
176 for certain aerosols reaction with O3 can be a significant
177 oxidation mechanism. This is particularly true in the lower
178 troposphere, where most primary (i.e., more unsaturated) OA
179 is expected to reside. For H2O2 (Figure 1c), the equivalent
180 gH2O2 ranges from�10�5 in the lower troposphere to�10�2

181 in the upper troposphere, so H2O2’s contribution to OVOC
182 flux is likely confined to the lower troposphere or in cloud.
183 Because of clouds’ high aerosol surface area, increased
184 actinic flux, and potential for aqueous phase chemistry,
185 aerosol oxidation in clouds may warrant particular attention.
186 [13] Photolysis can, in principle, also lead to the decom-
187 position of OA [Kieber et al., 1990]. To be competitive with
188 the OH chemistry, however, photolysis rates would have to
189 be relatively fast (J � 10�6), as it is likely less efficient at
190 degrading organic molecules in the condensed phase than in

191the gas phase: caging effects can stabilize the intermediates
192and aid their recombination or polymerization, preventing
193volatilization.

1944. Atmospheric Implications

195[14] A dispersed and previously unconsidered source of
196OVOC from OA oxidation may have important implications
197for tropospheric photochemistry. For example, measure-
198ments of acetaldehyde (CH3CHO) have routinely exceeded
199model predictions [Singh et al., 2001, 2004;Wisthaler et al.,
2002002]; this was also true during INTEX-NA (Figure 2a).
201For each acetaldehyde measurement, we divide the differ-
202ence between measured and box model-predicted mixing
203ratios by the photochemical lifetime to estimate the flux
204necessary to reconcile the difference. We find that a source
205of �90 pptv/day (�180 pptv C/day) is required to sustain
206the observed acetaldehyde concentrations in the upper
207troposphere. INTEX-NA also marked the first extensive
208a i r bo rne mea su r emen t s o f pe roxyace t i c a c i d
209(CH3C(O)OOH, PAA), which significantly exceeded mod-
210el-predicted values in the upper troposphere as well
211(Figure 2b); a similar analysis for PAA yields an estimated
212missing source of �20–200 pptv C/day (J. Crounse et al.,
213manuscript in preparation, 2006). Even considering only
214acetaldehyde, oxidation by OH alone is likely too small to
215explain the upper tropospheric discrepancies between
216OVOC measurements and models; other oxidation mecha-
217nisms or alternative explanations are needed.
218[15] A significant flux of OVOC from aerosol would have
219consequent impacts on HOx and peroxyacyl nitrates. In fact,
220if the observations and our understanding of the subsequent
221chemistry of acetaldehyde are correct, peroxyacetyl nitrate
222(PAN) formation is very fast in the upper troposphere.
223Observations of PAN are not, however, consistent with those
224of acetaldehyde, based on current understanding of the
225chemistry that links these compounds [Staudt et al., 2003].
226[16] A large OVOC flux from aerosol is also incompat-
227ible with current estimates of OA budgets. The Intergov-
228ernmental Panel on Climate Change [2001] estimate of OA
229production (and loss) is �150 Tg ‘‘organic matter’’/year, or
230�100 Tg C/year. If our estimated OA oxidation rate from
231OH were representative of the entire atmosphere, the global
232flux of organic carbon from aerosol would be as large as
233�150 Tg C/yr (integrating with bin median collision rates,
234�100 TgC/yr; interquartile range, �50–200 Tg C/yr).
235This is clearly an upper limit due to the assumptions of
236unity g and that the continental summertime conditions of
237INTEX-NA are representative. Nonetheless, even a fraction
238of this large flux would imply that oxidation may need to be
239included in OA models, which currently consider only
240depositional loss. From our carbon flux (and assuming
241internally mixed aerosols with density 1 g/cc and organic
242carbon fraction 0.5), we estimate the median lifetime of
243aerosol organic carbon to be �10 days, similar to estimates
244of carbonaceous aerosol lifetime against deposition of �5–
24510 days [Kanakidou et al., 2005]; thus, oxidation may be an
246important sink, particularly in the upper troposphere and
247regions with minimal precipitation.
248[17] Consideration of an additional significant sink of OA
249from oxidation would dramatically increase the required
250global OA production inferred from top-down analyses

Figure 2. Modeled (circle) vs. measured (x) profiles for
(a) acetaldehyde and (b) peroxyacetic acid. Marks are bin
medians, lines are interquartile range. Model predictions,
offset by 0.25 km for clarity, are based on the photo-
chemical box model of Crawford et al. [1999], and assume
a PAA lifetime of �20 days (upper limit).
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251 (generally calculated from measured OA burdens and esti-
252 mates of the depositional loss rate). Bottom-up estimates,
253 deduced from emission inventories and secondary organic
254 aerosol (SOA) yields for precursor gases, may also be too
255 low: Holzinger et al. [2005], for example, demonstrate that
256 many biogenic SOA precursors are too short-lived to have
257 been previously measured, and thus have been omitted from
258 emission inventories. Furthermore, because of the diversity
259 of SOA precursor gases, the photochemistry and SOA yield
260 of only a few model compounds have been extensively
261 studied. Even for relatively well studied compounds, such
262 as isoprene, estimates of SOA yields are undergoing signif-
263 icant revision upward [Limbeck et al., 2003; Claeys et al.,
264 2004a, 2004b; Kanakidou et al., 2005; Kroll et al., 2005]. In
265 addition, our understanding of other aspects of OA chem-
266 istry is poor. For example, Heald et al. [2005], considering
267 only wet depositional loss, underpredict OA mass in the free
268 troposphere 1–2 orders of magnitude, which they cannot
269 attribute merely to OA flux underestimates.

270 5. Conclusions and Recommendations

271 [18] Our estimate of the OVOC source and its atmospher-
272 ic impact are highly speculative and uncertain due to the
273 complexity of the processes involved and the paucity of
274 laboratory and field data for quantifying key parameters.
275 Continued identification of OA constituents and study of
276 oxidant interactions with a wider range of substrates is
277 necessary to better constrain OVOC flux from atmospheric
278 aerosols. Of particular concern is that much of the OA in the
279 atmosphere may actually consist of highly oxidized humic-
280 like substances (HULIS) [Limbeck et al., 2003; Claeys et
281 al., 2004a]; whether HULIS can be volatilized in a similar
282 fashion as the aliphatic compounds usually studied in the
283 laboratory must be investigated. De Gouw and Lovejoy
284 [1998] find that ozone reacts with liquid aldehydes and
285 ketones (g � 10�4), presumably with the carbonyl moeities,
286 but do not determine if any gas phase products form. An
287 additional difficulty in applying laboratory studies is that
288 they have utilized reaction parameters, such as low pres-
289 sures and [O2], and high [O3] and [OH], which are not
290 representative of the real atmosphere. Moise and Rudich
291 [2000] find, for example, that gO3 drops when O2 instead of
292 He is used as a carrier gas in their experiments; also, Molina
293 et al. [2004] propose that the carbon volatilization in their
294 experiments would be reduced at atmospheric [O2]. Other
295 oxidants, such as NO3 and – in certain areas such as coastal
296 and polar regions – halogen atoms, may also play an
297 important role in aerosol oxidation. Finally, our analysis
298 assumes that all aerosols are completely covered with
299 organic films; accurate parameterizations of surface cover-
300 age require more field studies of aerosol coatings. A full
301 understanding of OA oxidation will only result from con-
302 tinued, multifaceted research endeavors.
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